
Rare and Precision Frontier 
at the FCC-ee

Rebeca Gonzalez Suarez 
Rare Processes and Precision Frontier Townhall Meeting

Oct 2, 2020



The European Strategy for Particle Physics 

▸An electron-positron Higgs factory is the highest-priority next collider. 
For the longer term, the European particle physics community has the 
ambition to operate a proton-proton collider at the highest achievable 
energy. […]

▸ Europe, together with its international partners, should investigate the 
technical and financial feasibility of a future hadron collider at CERN 
with a centre-of-mass energy of at least 100 TeV and with an electron-
positron Higgs and electroweak factory as a possible first stage. Such a 
feasibility study of the colliders and related infrastructure should be 
established as a global endeavor […]
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https://cds.cern.ch/record/2720129/files/Update%20European%20Strategy.pdf


What is the FCC-ee?

▸A possible first stage for the FCC-hh
▸An electron-positron collider
▸100-kilometer circular tunnel 

passing under Lac Leman at the 
border of France and Switzerland 

▸Shared infrastructure: The FCC-ee
tunnel would provide a ready-made 
home for the FCC-hh.

▸Beam energies range from about 44
to 182.5 GeV covering the Z-pole, 
W-pair threshold, ZH production 
and the top-pair production 

▸ Double-ring collider with 2 (or 4) 
interaction regions and a booster 
synchrotron.
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Energy range 
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Great energy range for 
the heavy particles of 
the Standard Model

Complementarity with 
hadron (LHC, FCC-hh) 

and linear colliders 

Rebeca Gonzalez Suarez (Uppsala University) - Oct. 2, 2020

LEP x 105

LEP x 2⋅103

Never done
Never done



Technical Schedule
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LEP/LHC

FCC-ee/hh
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The  FCC project plan is fully integrated with the HL-LHC and would allow 
for seamless continuation of high energy physics at the energy frontier



Detectors
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IDEA designCLD design

Two detector concepts used for integration, 
performance, and cost estimates:
• One adapted for FCC-ee by the Linear 

Collider Detector group at CERN: CLD
• One detector specifically designed for FCC-

ee (and CEPC): IDEA

Now: we are ready to take a broader look 
at the physics potential and optimize 

detector designs for complete physics 
program

Opportunities to design multiple collider 
detectors 
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Physics Menu 

▸The FCC-ee is a Higgs factory, but offers substantial additional physics 
options to explore 

▸Higgs factory
• 106 e+e- → HZ

▸EW & Top factory
• 3x1012 e+e- → Z; 108 e+e- →W+W-

• 106 e+e- → tt
▸Flavor factory

• 5x1011 e+e- → bb, cc
• 1011 e+e- → !+!-

▸Precision tool
• "QED and "QCD (at mZ2), 105 H → gg

▸Direct new physics discovery 
• ALPs, RH ν’s, …
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Higgs physics at the FCC-ee
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• Recoil method unique to lepton collider:  
• Tag Higgs event independent of decay mode

• Precision measurements: couplings, mass, width
• Searches for Exotic Higgs, invisible decays



Precision Electroweak Measurements 
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC
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Precision Measurement towards Discovery?
▸Combining precision Higgs and EW measurements in SMEFT

▸Higgs and EWPO measurements are complementary (b,c,t to be added)
▸EWPO are more sensitive to heavy new physics (up to 50-70 TeV)

▸Sensitivity was at the level of up to ~5 TeV at LEP
▸Larger statistics pays off for Higgs measurements 
▸ Improvements in theory predictions will also pay off for EWPO measurements 
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6/17/2016 E.Perez15

Higgs
couplings

Precision and indirect searches for new physics
Top couplings

Extra-dim models: 
Probe NP scales
of O ( 20 TeV )

4D-CHM,
f < 2 TeV

Ex. NP models,
probed  by 
HL-LHC

EW precision

Power of loops :
In terms of weakly-coupled new physics:
  ΛNP > 30 – 100 TeV

J. Ellis & T. You, JHEP03 (2016) 089

ILC Physics  case, arXiv:1506.05992

Theo. uncertainties need to be improved in
the next 20 years, to match the exp. uncertainties

P. Janot, arXiv:1510.09056
D. Barducci et al, JHEP 1508 (2015) 127 
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DeviaAng operators may 
point to new physics to 
be found by the FCC-hh



What about the rare 
processes and precision 

frontier?



Flavour at the Z pole 

▸All b-hadron species available
▸Large tau production, boost 
▸Potential for excellent secondary vertex reconstruction
▸Experiments at FCC-ee can cover the full program of LHCb & 

Belle II and compete favorably everywhere 
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! physics
▸Unprecedented statistics of boosted 

tau decay topologies
▸Lifetime, branching fraction, mass 

measurements
▸Highly competitive Lepton Flavour

Universality tests
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Property Current WA FCC-ee stat FCC-ee syst
Mass [MeV] 1776.86 +/- 0.12 0.004 0.1
Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF [%] 17.39 +/- 0.05 0.0001 0.003
Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

M.Dam
arXiv:1811.09408

Conservative (esp. for mass): 
• small statistical 

uncertainties
• detector optimization to 

minimize systematic 
uncertainties

https://arxiv.org/abs/1705.11106


Lepton-Flavour-Violating decays (tau decays)

▸Benefits from large tau statistics 
and boosted topologies.

▸ Improved sensitivity of lepton
flavour violation ! decays by 1-2 
orders of magnitude

▸Check the talk by Mogens in RF5: 
Charged Lepton Flavour Violation 
at the FCC-ee
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Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

Decay Current bound FCC-ee sensitivity
τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

https://indico.fnal.gov/event/45713/timetable/?view=standard


Lepton-Flavour-Violating decays (Z decays) 
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Improved sensitivity of lepton
flavour violationin Z decays

LoI

Current sensitivity to µe, !µ , !e is 
around 10-7 , expected FCC-ee

will go down two orders of 
magnitude  



Flavour anomalies

▸Measurements of the FCNC decays b → s l+l- show discrepancies w.r.t. 
the predictions consistently across experiments (Belle, LHCb and others) 
for B0 → K*0 μ+ μ-

▸The complementary decay modes B0 → K*0 e+e- and  B0 → K*0 τ+τ- are 
important to interpret the discrepancies: likely unique at FCC-ee
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▸ B0 → K*0 τ+τ- requires partial 
reconstruction, i.e. the use of the 
production and decay vertices to 
solve the kinematics of the decay

▸The SM branching fraction can 
likely only be attained at FCC-ee

J.F. Kamenik et al.
arXiv:1705.11106

https://arxiv.org/abs/1705.11106


Direct discoveries

▸Direct search of new, feebly 
interacting particles that could 
be either sound Dark Matter 
candidates, or closely linked to 
neutrino masses and the 
Baryon Asymmetry of the 
Universe and manifest long-
lived signatures 

▸Flagship: Heavy Neutral 
Leptons
▸Z → νN, N → l q ̄q
▸For low values of the 

neutrino mixing angle, the 
decay length of the heavy 
neutrino can be significant
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Figure 1. Physics reach in the nMSM for SHiP and
two realistic FCC-ee configurations (see text). Pre-
vious searches are shown (dashed lines), as well as
the cosmological boundaries of the model (greyed-
out areas) [3, 9].
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A method similar to the one outlined in Section 2 was used to compute the expected number of
events. HNL production is assumed to happen in Z ! nn̄ decays with one neutrino kinematically
mixing to an HNL. If the accelerator is operated at the Z resonance, Z bosons decay in place and
the HNL lifetime is boosted by a factor

g =
mZ

2mN
+

mN

2mZ
. (3.1)

All `+`�n final states are considered detectable with a CMS-like detector with spherical symmetry.
Backgrounds from W ⇤W ⇤, Z⇤Z⇤ and Z⇤g⇤ processes can be suppressed by requiring the presence
of a displaced secondary vertex.

Figure 1 shows SHiP’s and FCC-ee’s sensitivities in the parameter space of the nMSM, for
two realistic FCC-ee configurations. The minimum and maximum displacements of the secondary
vertex in FCC-ee, referred to as r in Figure 1, depends on the characteristics of the tracking system.
Inner trackers with resolutions of the order of 100 µm and 1 mm, and outer trackers with diameters
of 1 m and of 5 m have been considered. Figure 2 shows SHiP’s sensitivity to dark photons,
compared to previous searches.

This work shows that the SHiP experiment can improve by several orders of magnitude the
current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.
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small mixing : 
long lifetime, 

displaced 
vertex

A. Blondel et al.
arXiv:1411.5230

https://arxiv.org/abs/1411.5230


Direct discoveries 
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1712.07237

▸light “Axion-Like Particles” (ALPs)
▸very-weakly-coupled window to the dark sector

▸! + MET for very light a
▸! ! for light a
▸! ! ! for heavier a

▸Orders of magnitude of parameter space accessible at FCC-ee

https://arxiv.org/pdf/1712.07237.pdf


Long-lived particles at the FCC-ee
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LoI
▸Both sterile neutrinos and ALPS 

show displaced signatures 
▸More models of new physics would 

produce long-lived particles at the 
FCC-ee
▸Twin-Higgs
▸Hidden Valley 
▸Exotic Higgs decays … 

▸LLP studies at the FCC-ee offer 
many experimental opportunities 
▸Detector design 
▸Reconstruction algorithms
▸Many out-of-the-box



Summary

▸Many opportunities to pursue within the rare processes and 
precision frontier
▸Z pole: Large production of heavy fermions b, c, !

▸Boosted signatures, excellent e/"/! separation
▸Unprecedented statistics of boosted tau decays: precision 

measurements of mass, lifetime, and branching fractions
▸Improved sensitivity of lepton flavour violation (Z, #)

▸High rates of B-hadron production will allow the FCC-ee
experiments to allow to push further the B-physics program
▸Potential to shed light on flavor anomalies

▸New physics discovery opportunities (Dark Matter/Dark Sector)
▸Heavy Neutral Leptons, ALPs
▸Experimental-driven opportunities for Long-lived particles

▸Study now to focus on laying out the optimization of detector 
design for the wide physics program
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4th FCC Physics and Experiments workshop
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Find out more: FCC documentation
▸ Future Circular Collider - European Strategy 

Update Documents

▸ (FCC-ee), (FCC-hh), (FCC-int)

▸ FCC-ee: Your Questions Answered

▸ arXiv:1906.02693

▸ Circular and Linear e+e- Colliders: Another Story 
of Complementarity

▸ arXiv:1912.11871

▸ Theory Requirements and Possibilities for the FCC-
ee and other Future High Energy and Precision 
Frontier Lepton Colliders

▸ arXiv:1901.02648

▸ Polarization and Centre-of-mass Energy 
Calibration at FCC-ee

▸ arXiv:1909.12245

▸FCC-ee Snowmass2021 LoIs:
▸ https://indico.cern.ch/event/951830/

Rebeca Gonzalez Suarez (Uppsala University) - Oct. 2, 2020 22

4 CDR volumes  published in EPJ

FCC Physics 
Opportuni1es

FCC-ee: 
The Lepton Collider 

FCC-hh: 
The Hadron Collider

HE-LHC:
The High Energy

Large Hadron Collider

https://cds.cern.ch/record/2653669
https://cds.cern.ch/record/2653674
https://cds.cern.ch/record/2653673
https://arxiv.org/abs/1906.02693
https://arxiv.org/abs/1912.11871
https://arxiv.org/abs/1901.02648
https://arxiv.org/abs/1909.12245
https://indico.cern.ch/event/951830/

